Abstract The dynamics of the ultrafast excited-state multiple intermolecular proton transfer (PT) reactions in gas-phase complexes of 1H-pyrrolo[3,2-h]quinoline with water and methanol (PQ(H 2 O) n and PQ(MeOH) n , where n = 1, 2) is modeled using quantum-chemical simulations. The minimum energy ground-state structures of the complexes are determined. Molecular dynamics simulations in the first excited state are employed to determine reaction mechanisms and the time evolution of the PT processes. Excited-state dynamics results for all complexes reveal synchronous excited-state multiple proton transfer via solvent-assisted mechanisms along an intermolecular hydrogen-bonded network. In particular, excited-state double proton transfer is the most effective, occurring with the highest probability in the PQ(MeOH) cluster. The PT character of the reactions is suggested by nonexistence of crossings between pp* and pr* states.
Introduction
The proton transfer (PT) is one of the most important classes of chemical reactions [1, 2] . Because PT processes often take place within hydrogen-bonded systems, and because of the central role played by hydrogen bonds in chemistry and biology, a large number of studies have been performed on PT processes in both the ground and excited states [3, 4] . A special class of compounds exhibiting PT is represented by heteroaromatic molecules [5] [6] [7] . In particular, heteroazaaromatic or bifunctional molecules having a hydrogen-bonding donor group (e.g., a pyrrole NH) and a hydrogen-bonding acceptor group (e.g., a quinoline-type N) are of great interests for their dual photochromic properties in a variety of solvents. Examples of molecules exhibiting intramolecular PT are salicylic acid and its derivatives [8] . Naturally, intramolecular PT will occur preferentially when the spatial separation between the donor and the acceptor sites is small [9, 10] . In the case of a larger separation, the PT should proceed through a hydrogen-bond bridge established within a protic solvent. The phenomenon of phototautomerization is driven by a PT process which may occur either in an intramolecular [11] [12] [13] [14] or in an intermolecular [5-7, 9, 10, 15-17] manner. Thus, hydrogen-bonding networks of these molecules with the solvent must be formed before molecules undergo excited-state proton transfer (ESPT). The heteroazaaromatic molecule requires a catalytic transfer via a onemolecule hydrogen-bonded proton-donor-acceptor bridge, or a two or more molecule PT relays [18] . There are many compounds belonging to the class of N-heteroazaaromatic molecules that undergo intermolecular PT. Those most studied are 7-azaindole (7AI) [5-7, 9, 15-17, 19, 20] , 7-hydroxyquinoline (7HQ) [21] [22] [23] , and 1-H-pyrrolo [3,2- h]quinoline (PQ or pyrido [3,2-g] indole) [7, [24] [25] [26] [27] [28] . For a general review on this topic, see Refs. [7, 29] .
The structure of PQ can be viewed as similar to that of 7AI, modified by the addition of a benzo-ring spacer, separating the pyrido and the pyrrolo rings. Potentially valuable applications of PQ and its derivatives for chemical and biomedical uses have been reported [25-27, 30, 31] . For example, PQ was proposed as a host molecule in molecular recognition and as a potential anticancer drug [32] . It also exhibited bioactivity against tuberculosis and malaria [8] . In chemical applications, 1-methyl-pyrrolo [3, 2] quinolone was found to be a good stabilizer for polymers [18] . Moreover, dipyridol[2,3-a:3 0 ,2 0 -i]carbazole (DPC) has been considered as a probe of hydrophilic/ hydrophobic surface character [33] . To exhibit the photochemical activity necessary as a probe, PQ and its derivative must form hydrogen bonds with protic solvent partners.
Obviously, the geometry of PQ ( Fig. 1 ) favors an internal hydrogen bond between the pyrrole NH and the pyridine N atom. PQ can, however, instead form a hydrogen-bonded network with solvent partners, especially water and alcohols. Different stoichiometries of hydrogen-bonded complexes of PQ with water and methanol have been reported based on molecular dynamics simulations and density functional theory (DFT) [30, 34] ; 1:1 (doubly hydrogen-bonded) and 1:2 (triply hydrogen-bonded) cyclic complexes have been predicted to exist at low solvent concentrations and such complexes also existed in bulk solvent [34] . Both cyclic and non-cyclic hydrogen-bonded complexes have been determined. For PQ(MeOH) 2 complexes, DFT studies have shown that cyclic hydrogenbonded species are more stable than non-cyclic ones. For PQ complexed with bulk water, the population of the 1:1 cyclic complex was found to be 3.5 times smaller than that of the cyclic complex in bulk methanol. A gas-phase 1:2 complex, in which two water molecules form a cyclic hydrogen-bonding network connecting the pyrrole N-H and the pyridine N atoms, has also been reported in studies combining infrared/femtosecond multiphoton ionization (IR/fsMPI) with fluorescence-detected infrared (FDIR) spectrometry associated with DFT calculations [24, 27] . In such a cyclic hydrogen-bonded complex, triple PT through water bridges is possible upon excitation. The photophysics of jet-isolated complexes of PQ with water [27] and methanol [26] depends strongly on the cluster size. A complete lack of fluorescence was observed for the 1:1 complex, which has been justified by a fast ESPT reaction. Competing tautomerization as a result of the 1:2 complex might also contribute to the lack of fluorescence. The PT mechanism has previously been investigated by static calculations on the PQ with water and methanol complexes in the gas phase [26, 27] . To the best of our knowledge, there are no previous reports on the dynamics of PT in the excited state. Thus, to provide a more complete picture of ESPT in PQ-solvent complexes, dynamic simulations are required.
The aim of our work is to investigate the photoinduced tautomerization mechanism of PT reactions in cyclic hydrogen-bonded PQ(H 2 O) n and PQ(MeOH) n (n = 1, 2) complexes in the gas phase in the lowest-excited singlet state. The methodology which we employ here, using the resolution-of-the-identity approximation for the electron repulsion integrals and algebraic diagrammatic construction through a second-order method [RI-ADC(2)], was recently successfully applied by us to investigations of 7AI complexed with methanol molecules [9] . The goals of the present simulations are to determine the corresponding time constants of PT process and also the mechanistic pathways of PT in each complex. The probabilities of the ESPT processes in each of the complexes will be analyzed and compared. The PT character of the reactions will be also addressed in this work. Ground-state optimizations of PQ(H 2 O) n=1,2 and PQ(MeOH) n=1,2 complexes were performed in the gas phase using Møller-Plesset perturbation theory to the second order (MP2) [35, 36] with the SVP [37] basis set, implemented in the TURBOMOLE 5.10 program package [38] . The minimum energy characters of all optimized structures were confirmed by normal mode analysis. These optimized structures were also used in excited-state dynamics simulations as explained below. Excited-state calculations were performed with RI-ADC(2) [39, 40] . Overall, the quality of the ADC(2) excited-state description is very similar to that obtained at coupled-cluster to approximated second-order (CC2) level [40, 41] . ADC(2), however, has two advantages over CC2 when applied to dynamics simulations: (1) ADC (2) is computationally less expensive than CC2, and (2) CC2 tends to breakdown near crossing between excited states, while ADC (2) does not show such a problem [40] .
Excited-state dynamics simulations
Molecular dynamics simulations were carried out for the PQ(H 2 O) n=1,2 and PQ(MeOH) n=1,2 complexes on the energy surface of the first excited state (S 1 ). The initial conditions were generated using a harmonic-oscillator Wigner distribution [42] for each normal mode centered at the ground-state optimized structures, as implemented in the NEWTON-X program package [43, 44] . The nuclear motion was treated classically with numerical integration of Newton's equation by the Velocity-Verlet algorithm [45] . The excited-state dynamics simulations were performed with the NEWTON-X program with a microcanonical ensemble using Born-Oppenheimer energies and gradients computed at ADC(2) level. To reduce the computational cost, a mixed SVP-SV(P) basis set was employed. The SVP-SV(P) basis set is defined by assigning the split valence polarized SVP basis set to heavy atoms and hydrogen atoms involved in the hydrogen-bonded network of a complex, and using the split valence SV(P) basis set for the remaining hydrogen atoms. This small but sufficiently accurate mixed basis set has been tested and used in both static and dynamics calculations reported in our previous studies [9, 14, 46] . Fifty trajectories for each complex were simulated using a time step of 1 fs throughout the simulations, each of these having a maximal duration of 300 fs. Trajectories reaching a small energy gap between S 1 and S 0 were stopped and analyzed only up to that point. A statistical analysis was carried out to give detailed properties (e.g. state character, energies, and internal coordinates), which were used to characterize the time evolution of the transfer reactions along the hydrogen-bonded network.
Results and discussion

Ground-state structures
The optimized structures of PQ with water and methanol complexes, with important atoms belonging to intermolecular hydrogen-bonded networks numbered, are shown in Fig. 1 . To understand the surrounding cooperative effect of water and methanol molecules on the hydrogen bonds of the complexes, the ground-state structures of PQ(H 2 O) n=1,2 and PQ(MeOH) n=1,2 complexes with cyclic hydrogenbonded network were optimized at the RI-MP2/SVP level. The intermolecular hydrogen bonds (dashed lines) are characterized in Table 1 .
When one water molecule is added to PQ, a cyclic hydrogen-bonded complex is formed (Fig. 1a) . There are two intermolecular hydrogen bonds labeled as R 1 (O1ÁÁÁH1), with a bond length of 1.814 Å , and R 2 (N2ÁÁÁH2), with a bond distance of 1.866 Å . For two water molecules, there are three hydrogen bonds (Fig. 1b) . The first one, between the oxygen atom of the first water and the hydrogen atom of the pyrrole ring (R 1 (O1ÁÁÁH1)), has a bond length of 1.786 Å , slightly shorter than that of the equivalent bond in PQ(H 2 O). The second hydrogen bond, formed between the Distances in Å and dihedral angles (ø N1C1C2N2 and \O1N1N2O2) in degrees a RI-MP2 level [26] for PQ with methanol in parentheses b O1 for one water or methanol and O2 for two water or methanol molecules hydrogen atom of the second water and the pyridine N atom (R 2 (N2ÁÁÁH3)), has a bond length of 1.794 Å , also shorter than that in PQ(H 2 O). The third hydrogen bond (R 3 (O2ÁÁÁH2)) is formed between the two waters, and it has a length of 1.750 Å .
PQ(MeOH) n=1,2
When one methanol molecule is added to PQ, a cyclic hydrogen-bonded complex is formed similarly as in PQ(H 2 O). The PQ(MeOH) complex with relevant labels is shown in Fig. 1c . There are two hydrogen bonds in this complex: first, between the oxygen atom from methanol and the hydrogen from the pyrrole group (1.794 Å ); and second, between the hydrogen atom of methanol and the pyridine N atom (1.820 Å ). The present value for R 1 is shorter than the R 1 value reported in Ref. [26] computed at the RI-MP2/TZVP level by 0.08 Å . Values of R 2 agree within 0.01 Å .
Starting from the PQ(MeOH) complex, a second methanol can be added. A cyclic intermolecular hydrogenbonded network is formed with three hydrogen bonds (Fig. 1d) . The first one, between the oxygen atom and the hydrogen atom of the pyrrole ring (R 1 (O1ÁÁÁH1)), has a bond length of 1.743 Å , which is slightly shorter than the equivalent bond in PQ(H 2 O). The second hydrogen bond links the hydrogen atom of methanol to the pyridine N atom of PQ (R 2 (N2ÁÁÁH3)) with a bond length of 1.755 Å . The third hydrogen bond, formed by the interaction between the two methanol molecules (R 3 (O2ÁÁÁH2)), has a bond length of 1.720 Å . The present values for R 1 and R 2 are in good agreement with the MP2 values reported in Ref. [26] . However, the present R 3 value is shorter.
Generally, complexes of PQ with water and methanol form similar structures with hydrogen-bonded network. Either with water or methanol, the larger number of solvent molecules increases the strength of the hydrogen-bonding network, as can be seen from the systematic shortening of R 1 and R 2 with the increase in the cluster size. However, the differences between them are governed by the methyl group of methanol. For the 1:2 complex of PQ, the water bridge gives a more planar hydrogen-bonded network than the methanol. The characteristic O1N1N2O2 dihedral angles in the ground state are 20.3°and 33.4°for the water and methanol complexes, respectively. The difference between these dihedral angles may be caused by the interaction between the methyl group of methanol and the PQ molecule.
Excited-state dynamics simulation
Fifty trajectories with different initial conditions were computed for each complex. Carrying simulation times out to 300 fs should reveal the entire mechanisms, including pre-and post-transfer processes. The trajectories for PQ(H 2 O) n=1,2 and PQ(MeOH) n=1,2 complexes were analyzed and classified into three different types of reactions: (1) ''ESPT'', when a proton (or hydrogen) is transferred within the simulation time; (2) ''IC'', when an S 1 (pp*)/S 0 crossing is reached within the simulation time suggesting that internal conversion should take place; and (3) ''No transfer'' (NT), when no proton transfer occurs within the simulation time. The number of trajectories following each type of reaction, the PT probability, and the average transfer time for each complex are summarized in Table 2 . The assumption that whenever a S 1 /S 0 crossing region is reached, an internal conversion takes place, provides an upper limit to the internal conversion yield. However, since the internal conversion probability is very high in such regions (see, for instance, Ref. [47] ), the true yield should be very close to this estimate.
The PT time is given as the time when the bondbreaking distance averaged over all trajectories exhibiting PT intersects the average bond-forming distance. This is the same definition that we have used in our previous investigations [9, 14, 46] . The proton transfer mechanism can be assigned as synchronous, concerted or stepwise depending on the delay time between two consecutive PTs [48] . If the delay time is shorter than about 10-15 fs, which corresponds to a vibrational period of N-H and O-H stretching modes, the PTs are synchronous; otherwise, they are either concerted (a single kinetic step) or stepwise (two distinct kinetic steps via a stable intermediate).
The relative energies of the pp* and pr* states along the transfer pathway play an important role in determining Table 2 ). This analysis showed that the first excited state is always characterized by a pp* transition. This implies that the dynamics along the first excited state takes place purely in the pp* state, characterizing a PT process. This lack of crossing between the pr* (S 2 ) and pp* (S 1 ) during the PT is illustrated for characteristic points of a selected trajectory of PQ(H 2 O) in Fig. 2 . These characteristic points are the complex at time 0 (normal or N), the intermediary structure (IS1 and IS2), and the tautomer structure (T). The IS1 and IS2 points were taken as the geometry when the hydrogen is midway between the donor and the acceptor atoms. Similar diagrams for selected trajectories of the other three complexes are given in the Supplementary Material (Figs. S1, S2, and S3). The energies for each point in these figures (relative to the N point) are given in Table S2 in the Supplementary Material. Note that energies given in this table were computed for a single selected trajectory; therefore, they should not be taken as true energy barriers occurring on the energy surface. They provide, however, a qualitative picture of the reaction by 0.04 Å .
PQ(H 2 O) complex
On-the-fly dynamics simulations were carried out for 50 trajectories of the PQ(H 2 O) complex. A total of 12 trajectories showed excited-state double proton transfer (ES-DPT) (24 % probability, Table 2 ). The PT process did not occur in 31 trajectories during the simulation time. Seven trajectories reached a small energy gap between S 1 and S 0 (\0.5 eV) and could not be continued because of limitations of RI-ADC(2) in dealing with such multi-reference regions of the potential energy surface. Back-PT reaction was also observed in some trajectories. The structures along the reaction pathway are depicted in Fig. 3 for a selected trajectory. The PT process, indicated by an arrow, can be described by the following events: First, a normal (N) form is observed at time 0. Second, the first proton (H1) moves from N1 on the pyrrole ring to the O1 atom of the water (PT1) at 72 fs (the average values for these processes are given in Table 2 and discussed below), and then the second proton (H2) of the water moves to N2 on pyridine (PT2) of 7AI at 76 fs. Finally, the tautomer (T) form is formed within 85 fs. After the tautomerization with water assistance is completed, PQ and water fragments dissociate. The time evolution of the two bond-forming distances O1ÁÁÁH1 and N2ÁÁÁH2 and of the two bond-breaking distances N1-H1 and O1-H2 along the PT pathway of the ESDPT process averaged over the 12 trajectories are shown in Fig. 4a . Along the dynamics, the two bondforming distances decrease to covalent bond length, whereas the two bond-breaking distances increase. At 75 fs, the average values of N1ÁÁÁH1 and O1ÁÁÁH1 bond distances are equal (1.32 Å ), which indicates the time for the PT1 process. The second PT occurs at 82 fs, since at this time, the average bond distances of O1ÁÁÁH2 and N2ÁÁÁH2 are equal (1.33 Å ). After 150 fs, the O1-H1 and the N2-H2 distances start to exhibit oscillations around their equilibrium values. The interval time of about 7 fs between first and second PT implies that the process is a concerted synchronous PT. The average times are summarized in Table 2 .
The time evolution of the ground-and excited-state energies averaged over the same 12 trajectories exhibiting ESDPT is shown in Fig. 4b . The average S 1 -S 0 energy gap gradually decreases during the first 120 fs. After that, the average energy gap is still close to 2 eV, indicating that the structure of PQ tends to be planar throughout the process [51] . This planarity of the PQ skeleton is confirmed by the average value of the torsion angle N1C1C2N2, which remains around 180°throughout the simulation time.
PQ(H 2 O) 2 complex
From the 50 trajectories computed for the PQ(H 2 O) 2 complex, three exhibited excited-state triple proton transfer (ESTPT) (6 % probability, Table 2 ). The PT process did not occur for 39 trajectories during the simulation time. Eight trajectories reached a region of internal conversion (crossing between the pp* and S 0 states). The details of the PT process can be seen in the selected trajectory pictured in Fig. 5. A normal (N) form is observed at time 0. The first proton (H1) leaves the pyrrole ring, moving toward the O1 atom of the nearest water (PT1) at 54 fs (the average values for these processes are given in Table 2 and discussed below). The PT2 occurs at 66 fs when the second proton (H2) of the first water moves to the O2 acceptor of the second water, and at the same time, the PT3 also takes place as the third proton (H3) moves from the second water to the N2 on pyridine. Completion of the ESTPT reaction is reached after 71 fs and followed by the separation of PQ and water fragments. The time evolution of the three bond-breaking distances (N1-H1, O1-H2, and O2-H3) and of the three bondforming distances (O1ÁÁÁH1, O2ÁÁÁH2, and N2ÁÁÁH3) averaged over the three trajectories exhibiting PT is shown in Fig. S4a of the Supplementary Material. Along the trajectories, the first PT occurs at 58 fs (N1ÁÁÁH1 and O1ÁÁÁH1 are equal to 1.28 Å ) and the occurrences of the second PT (O1ÁÁÁH2 and O2ÁÁÁH2 equal to 1.32 Å ) and of the third PT (O2ÁÁÁH3 and N2ÁÁÁH3 equal to 1.27 Å ) are observed at 60 and 69 fs, respectively. This dynamic behavior is considered as a concerted synchronous PT process. Fig. S4b shows that the S 1 -S 0 energy gap gradually decreases in the first 100 fs. After that, the energy gap is still around 2 eV, indicating that the PQ skeleton remains planar during the simulation time.
PQ(MeOH) complex
The ESDPT reaction occurred in 36 out of 50 trajectories (72 % probability, Table 2 ), while no reaction was observed in one trajectory, and 13 trajectories reached the region of internal conversion. Snapshots for a selected trajectory are shown in Fig. 6 . Beginning with the normal form (N) at time 0, the PT process is described in the following steps: First, the first proton (H1) moves from the pyrrole ring to the O1 atom of the methanol (PT1) at 72 fs (the average values for these processes are given in Table 2 and discussed below); then, the second proton (H2) of the methanol moves to the N2 in pyridine of 7AI (PT2) at 79 fs. Finally, the tautomer (T) formation is complete with the assistance of methanol at 85 fs. After the tautomerization, the PQ and methanol fragments dissociate as in the case of the PQ(H 2 O) complex.
The time evolution of the two bond-breaking distances (N1-H1 and O1-H2) and of the two bond-forming distances (O1ÁÁÁH1 and N2ÁÁÁH2) along the hydrogen-bonded network of the ESDPT process averaged over the 36 trajectories exhibiting ESDPT is depicted in Fig. S5a of the Supplementary Material. The intersection between the curves indicates that the first and second PT processes occur at 87 and 92 fs, respectively. This dynamic behavior indicates a concerted synchronous process. As in the previous cases, the S 1 -S 0 energy gap gradually decreases in the first 100 fs. After that, the average energy difference is always slightly below 2.0 eV, revealing that no approach to a conical intersection between the two states is reached within the simulation time.
PQ(MeOH) 2 complex
The ESTPT reaction occurred in 14 trajectories (28 %, Table 2 ), while no reaction was observed in 26 trajectories within the simulation time. Ten trajectories reached a crossing region between the S 1 and S 0 . The dynamic details of the PT process for a selected trajectory are illustrated in Fig. 7 . Starting with the normal structure (N) at time 0, the complete process follows the following three steps: (1) the first proton (H1) moves from N1 to O1 of the nearest methanol (PT1) at 56 fs (the average values for these processes are given in Table 2 and discussed below), (2) the second proton (H2) moves from the O1 of the first methanol to the O2 of the second methanol (PT2) at 60 fs, and (3) the third proton (H3) moves from O2 of the second methanol to N2 of 7AI (PT3) starting at 63 fs until the methanol-assisted tautomerization (T) is completed. The complete ESTPT reaction is reached after 70 fs and followed by the separation of PQ and MeOH fragments.
The time evolutions of the three bond-breaking distances (N1-H1, O1-H2, and O2-H3) averaged over the 14 trajectories exhibiting ESTPT show steep increases, and simultaneously, the time evolutions of the bond-forming distances (O1ÁÁÁH1, O2ÁÁÁH2, and N2ÁÁÁH3) show steep decreases (Fig. S6a of the Supplementary Material). The first PT process occurs at 61 fs when the average O2ÁÁÁH3 and N2ÁÁÁH3 distances are equal (1.29 Å ). The second proton transfers from the PQ molecule to the first methanol at 64 fs when the average N1ÁÁÁH1 and O1ÁÁÁH1 distances are both equal to 1.28 Å . The last PT occurs at 67 fs when the average O1ÁÁÁH2 and O2ÁÁÁH2 distances are equal (1.31 Å ). Once more, the PT processes are concerted synchronous. The S 1 -S 0 energy gap behaves like in the previous cases, with stabilization around 2 eV.
Comparative analysis
For all trajectory exhibiting complete ESPT of each complex, we computed the average S 0 and S 1 energies for the normal (N), intermediary (IS1, IS2, and IS3), and tautomer (T) structures. They are all listed in Table S3 in the Supplementary Material and illustrated in Fig. 8 . As we discuss in a previous work [52] , the barriers computed in this way are actually an approximation to the free energy barrier obtained by thermodynamic integration of each independent trajectory following a Gaussian reaction path [53] . The results show that the average excited-state reaction path has barriers of 3 and 8 kcal mol -1 for the PQ(H 2 O) and PQ(H 2 O) 2 , while it is barrierless for PQ(MeOH) and PQ(MeOH) 2 . The average excited-state barriers correlate well with the PT probability reported in Table 2 . In particular, it helps to rationalize why the probability of the PT reaction increases from 24 to 72 % in the comparison between PQ(H 2 O) and PQ(MeOH). The increase in the probability of PT between PQ(H 2 O) 2 and PQ(MeOH) 2 from 6 to 28 % is also rationalized. Moreover, the larger excited-state barrier for PQ(H 2 O) 1-2 than for PQ(MeOH) 1-2 is in good agreement with calculated results by Kyrychenko and Waluk [24] , according to whom the proton transfer barriers on S 1 state of PQ(H 2 O) and PQ(H 2 O) 2 were 3.0 and 5.6 kcal mol -1 , respectively. In addition, the LIF excitation spectrum combined with theoretical calculations on the proton transfer energies of PQ(MeOH) and PQ(MeOH) 2 reported by the same group [26] were found to be 0.64 and 0.34 kcal mol -1 , respectively. The excited-state proton transfer barrier in PQ is greatly reduced when assisted with polar solvents (water or methanol) [24, 26] . These solvents play a crucial role in decreasing the barrier of excited-state proton transfer and also in stabilizing PQ tautomer. The importance of the solvent is more pronounced when replacing water with methanol, as reported by Nosenko et al. [27] using femtosecond UV-ionization-detected infrared spectroscopy combined with theoretical calculation. They revealed that the hydrogen bond strength of PQ with methanol is stronger than with water. This strength can certainly shift the excited-state barrier and also the probability of the PT reaction.
For the PT time evolution, all complexes share a common pattern: After photoexcitation, it takes a relatively long time to initiate the PT process, between 58 and 87 fs (Table 2) . However, as soon as the first PT is initiated, it triggers a fast sequence of proton transfers through the solvent bridge, until tautomerization is achieved within 92 fs. The delay between each PT is always under 9 fs, characterizing a concerted synchronous process. Independently of the solvent, the time for the first PT in PQ-solvent clusters is longer than that in HBT in water (10 fs) [14] , but similar to those predicted for 7AI in methanol (57-71 fs) [9] .
Our results clearly reveal that the initial PT time for PQ in water is slightly shorter than that in methanol about 10 fs. For n = 1, these times are 75 and 92 fs, whereas for n = 2, they are 58 and 69 fs. The delay times between each PT for PQ with one and two water molecules were found to be longer than those of PQ with one and two methanol molecules; however, they are still characteristics of concerted synchronous processes. The complete PT time decreases from 82 to 69 fs for PQ with water and from 92 to 67 fs for PQ with methanol when increasing the number of participating solvent molecules from one to two. This slight difference might be explained by the strength of hydrogen bond (HB) in PQ with more solvent molecules upon photoexcitation, which is stronger in the case of two solvent molecules compared to one solvent molecule (see values in Table 2 ) resulting in a faster complete PT time. In the case of PQ(H 2 O), its early starting of the first PT (compared to PQ(MeOH)) together with the planarity of its O1N1N2O2 dihedral angle contributes to a completion of the tautomerization process 10 fs faster than that in PQ(MeOH).
Our results show that the excited-state multiple proton transfer process of PQ with water and methanol is clustersize selective. The stoichiometry of 1:1 complexes exhibits higher efficiency than that of 1:2 complexes for both solvents, as revealed by the PT probabilities. In particular, one single methanol molecule seems to facilitate the tautomerization reaction most effectively among all investigated complexes.
Conclusions
The ground-state structures of PQ(H 2 O) n=1,2 and PQ(MeOH) n=1,2 complexes in the gas phase at the RI-ADC(2)/SVP level were investigated. It was found that intermolecular hydrogen bonds of PQ with water and methanol become stronger when the number of solvent molecules increases. Excited-state dynamics simulations were performed to reveal details of the excited-state PT pathways for all reactions within PQ(H 2 O) n=1,2 and PQ(MeOH) n=1,2 complexes. The excited-state proton transfer reactions are ultrafast processes depending on the cluster size. Phototautomerization of all complexes occurs in less than 92 fs. Moreover, the ESPT process was found to have a concerted synchronous mechanism for all complexes, with delay times between proton transfers always under 9 fs. Our investigations also show that the intermolecular ESPT in the first excited state occurs along a pathway with pp* character regardless of the solvent partner. No crossing between pp* and pr* states is observed. Thus, these transfer processes are characterized as PT and not as HT.
